36
VOl. 30
Short-term responses to the ingestion of food 37 down the tract almost immediately, fibrous carbohydrates may remain in the rumen for many hours. The time carbohydrates spend in the rumen is of major importance in determining the site and the extent of their digestion and the factors affecting this will be considered in some detail.
Time spent in the rumen
Principles of rumen outflow. The rate of liquid outflow can be measured fairly easily. Suitable markers exist and the fluid contents are readily sampled. The concentration of non-absorbable, soluble markers decIines exponentially when they are added to a rumen in a steady state (HydCn, 1961) . The reciprocal of the rate of decline may be defined as the turnover time and is the average time spent by the marker in the rumen. In practice a steady state does not exist and discontinuities due to the ingestion of food and water can cause incorrect interpretation of results (Warner & Stacy, 1968~) .
The difficulties of labelling and sampling solid digesta have led to the use of more indirect procedures for measuring turnover times of indigestible food residues. The commonest technique has been to measure the rate of excretion in the faeces of stained foods. This can be interpreted (Blaxter, Graham & Wainman, 1956) as showing the existence in the digestive tract of two sequential pools, which particles leave at rates proportional to their concentration. Blaxter et al. (1956) tentatively suggested that the first pool occurs in the rumen and the second in the abomasum, but Hungate (1966) considers that both pools occur in the rumen. He proposes that large food particles, when they are ingested, enter the first pool. As they are reduced in size by digestion and rumination, the particles move into the 'liquid-small particle pool'. Material in the liquid-small particle pool then leaves the rumen at a rate which should be the same as that for soluble markers. If only the first pool occurs in the rumen, the amount of indigestible residues in the rumen would decline exponentially whereas if both pools occur there a sigmoidal decline, similar to the excretion of residues in the faeces, would probably be found.
Liquid outflow. Turnover times for liquid markers, obtained with sheep and cows given a variety of rations, range from about 6 to 24 h. Probably the most important variable affecting the turnover times of liquids is the amount of food consumed. Poutiainen (1968) observed that in cows given hay and concentrates, the average turnover time of rumen liquid decreased from 22 to 8 h as the dry-matter intake increased from 3 to 9 kg daily. It was little affected by substituting concentrates for half the hay or by grinding up to 80% of the hay.
Eating and drinking cause marked increases in the rate of liquid outflow for short periods. Warner & Stacy (1968b) found that, in sheep given hay once daily, the rate of outflow was equivalent to about 7% of the rumen volume per hour during the ro-15 h spent resting, 187; during eating (I h) and 10% during the 10 h 'postfeeding' period. Thus, food carbohydrates that dissolve quickly could leave the rumen about twice as fast as would be expected from the daily mean turnover time of liquids. Outj?ow of solids. Turnover times of indigestible hay residues usually range between I and 3 d, about three times longer than average values for liquids. Outflow of solids probably varies during the day and Balch (1958) concluded that outflow of solid digesta was fastest during eating, when liquid flow is also highest.
The lack of understanding of the movement of particles through the rumen frustrates attempts to estimate turnover times more accurately. For instance, when sheep were given 1500 g finely ground dried grass daily by Blaxter et al. (1956) particles would have stayed in the rumen for either 2 or 24 h according to whether one or both pools occur in the rumen. An examination (E. W. Evans and G. R. Pearce, unpublished) , with cows given 3-6 kg hay once daily, of the particle size distribution in the rumen at various times after feeding appears to support the suggestion that both pools exist in the rumen. Tentative calculations of turnover times gives values of about 18 h for the large particles and 46 h for the small particles, which is in reasonable agreement with the times of 22 h and 29 h for the two pools that can be calculated from the data of Blaxter et al. (1956) for sheep given comparable amounts of long, dried grass.
An increase in the amount of food ingested usually decreases the turnover time of solids as well as liquids in the rumen. On the assumption that two pools of solid particles occur in the rumen, the turnover time of stained residues fell from 65 to 43 h as the amount of dried grass given in the long form to sheep was increased from 600 to 1500 g daily in the experiments of Blaxter et al. (1956) . The effect of grinding hay varies. Finely ground hay included in a ration of long hay passes through the tract more rapidly than the long hay (Balch, 1950). When all the hay is ground, both increases and decreases in the rate of passage have been observed. This inconsistent response is probably related to variations in the degree of fineness of the ground hay and in the amount of food consumed. Specific gravity (Campling & Freer, 1962) and shape (Troelsen & Campbell, 1968) , as well as size, affect the passage of particles through the tract.
Little is known about the turnover times of concentrates, but when they are included in mixed rations their residues pass more rapidly than hay residues (Balch,
1950).
Rate of digestion Roughages. For a wide range of herbages, most digestion is complete within 12-18 h of feeding although fermentation continues at a decreasing rate for several days. The soluble carbohydrates are readily fermented and almost all disappear from the rumen within 5-6 h of the start of feeding (Hungate, 1966; Bailey, 1967) . They probably dissolve in the free rumen fluid during and shortly after feeding but because of the high rate at which they are fermented, their concentration remains low even with food such as sugar-beet pulp (Clapperton & Czerkawski, 1969). The fermentation of fibrous components proceeds more slowly. Many in vitro experiments show a 'lag phase' for the first few hours followed by a steady fermentation for about 12 h but it is not clear to what extent this 'lag phase' occurs in vivo.
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T h e rate of disappearance (digestion plus outflow) from the rumen of all the major carbohydrate fractions of roughages has been examined on very few occasions. On the basis of in vitro measurements of the rate of fermentation of various fractions of lucerne hay, Hungate (1968) calculated the theoretical disappearance rates of the various fractions from the rumen (Fig. xa) Assuming a 24 h turnover time, he estimated that 2% of soluble sugar, 14% of a fraction roughly equivalent to soluble polysaccharides and 45% of the digestible fibre would escape fermentation by passage out of the rumen. Weston & Hogan (1968) have indeed found some 10% of the soluble sugars and polysaccharides ingested reach the abomasum of sheep given various dried grasses eight times daily. Since turnover times of the liquid pool shortly after feeding are two or three times shorter than the 24 h assumed by Hungate, even greater quantities might conceivably reach the abomasum in sheep fed once or twice daily. T h e amount of fibre digestion in the rumen is underestimated by Hungate's approach. Usually only some IO-ZO% of the digestible cellulose escapes fermentation in the rumen.
Only two in vivo experiments have been conducted in sufficient detail to allow comparison with the estimates of Hungate (1968) . Bailey (1967) removed, sampled and returned the total rumen contents of cows at frequent intervals for 24 h. The cows were given fresh clover or clover hay once daily (Fig. Ib) . Alexander, Meyer & Bartley (1969) included lucerne hay, labelled with radioactive carbon, in the ration of lucerne hay given to a cow four times daily. They determined the radioactivity in various carbohydrate fractions of the rumen contents at frequent intervals for 48 h after giving the labelled hay. The results closely fitted an exponential decline but in many instances, especially for cellulose and pectin, the resulting equations indicated that up to 60% of the carbohydrate disappeared from the rumen at the time of ingestion (Fig.Ic) . This may have been due to the difficulty of identifying the carbohydrate fractions of partially digested residues in the rumen with the same fractions in the food, a problem also in Bailey's technique, and to the transfer of the radioactive label. It may be thought more reasonable to assume zero disappearance at the start of feeding in which event the results shown in Fig Concentrates. Despite the importance of concentrates for ruminants, the rate of their digestion in the rumen has been the subject of few critical studies. When large amounts of soluble sugars are given, for instance 3 kg sucrose or glucose daily as a supplement for dairy cows, only low concentrations are found in solution in the rumen and most appears to be digested within 3 h (J. D. Sutton, unpublished) . It seems unlikely that much escapes fermentation.
Cereal starch is also rapidly digested, especially if it is cooked, and only about
5-10%
usually escapes fermentation. However, the starch of cracked maize is sometimes less completely fermented, probably because of the physical structure of the grain (Plrskov, Fraser & Kay, 1969) . The type of microbial population can also affect the rate of starch fermentation. Protozoa, unlike bacteria, are able to ingest food starch for subsequent fermentation. Recent results by Whitelaw, HyldegaardJensen, Reid & Kay (1970) suggest that a large population of protozoa in the rumen can thereby reduce the rate of starch fermentation.
Products of fermentation
In the steady state the concentration of volatile fatty acids (VFA) in the rumen is roughly proportional to the rate at which they are produced. This relationship does not apply to short-term changes. The rate of production is maximal within
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Short-term responses to the ingestion of food 41 rates also rise. The rate of VFA absorption has been estimated to be five to eight times greater after feeding than before (Bensadoun, Paladines & Reid, 1962; Whitelaw et al. 1970 ) and the animal may have difficulty in utilizing such a widely fluctuating supply of metabolites. The greater efficiency of energy utilization sornetimes associated with increased feeding frequency may well be due to a reduced fluctuation in energy supply to the tissues.
When readily fermentable carbohydrates are given, products in addition to VFA are found, particularly in the early stages of fermentation. When large amounts of sugars are included in the ration, the concentration of lactic acid may reach 50-60 m-moles/l within I h of the start of feeding and return almost to zero z h later. Appreciable amounts of microbial storage polysaccharide are also synthesized from soluble sugars. With high-concentrate rations based on flaked maize, concentrations of lactic acid in excess of 20 m-moles11 may last for several hours. Although a considerable proportion of thc carbohydrate must be converted to lactic acid and storage polysaccharide with such rations, little is known about the subsequent fate of these products. Some is later converted to VFA but a proportion undoubtedly passes further down the tract and some of the lactic acid is absorbed from the rumen.
Eficiency of carbohydrate utilization
The fermentation of carbohydrates and the metabolism, by the host animal, of the VFA produced are inefficient methods of utilizing the energy of foods. Soluble carbohydrates and at least some starch can be digested in the small intestine so a reduction in the amount of fermentation in the rumen should improve the efficiency of energy utilization providing any starch or digestible fibre leaving the ileum is fermented in the caecum. Such a response was achieved by Thomson, Beever, Coehlo da Silva & Armstrong (1969) when they gave sheep dried lucerne in a finely ground pelleted form. Not only did they alter the sites of digestion but they also improved the efficiency of utilization of the digestible energy (Thomson, Armstrong & Prescott, 1969) . It seems likely that this response was caused by a decrease in the turnover time of the lucerne in the rumen due to grinding. However, the responses were smaller when ground dried grass replaced the lucerne and were further reduced when the amount of dried grass ingested was increased. More needs to be known about the relationship between the size of particles, their turnover time in the rumen and the extent of their digestion. Other possible methods of reducing the amount of rumen fermentation are the use of the oesophageal groove reflex, especially for soluble carbohydrates, or some form of protection as is being used successfully for proteins.
A further possible cause of inefficient use of carbohydrates in ruminants fed once or twice daily is the widely fluctuating uptake of metabolites from the gut. This fluctuation is particularly large with high-concentrate rations where efficiency may also be reduced due to the production of lactic acid. Increased feeding frequency should reduce both these problems but the variable responses to alterations in frequency of feeding show the need for further studies.
